Rapid extraction of photo-generated charge carriers is essential to achieve high efficiencies with perovskite solar cells (PSCs). Here we introduce a new mesoscopic architecture as electron selective contact for PSCs featuring 40 nm sized TiO2 beads endowed with mesopores of a few nm diameter. The bimodal pore distribution inherent to these films produces a very large contact area of 200 m 2 /g whose access by the perovskite light absorber is facilitated by the interstitial voids between the particles. Modification of the TiO2 surface by CsBr further strengthens its interaction with the perovskite. As a result, photo-generated electrons are extracted rapidly producing a very high fill factor of close to 80% a VOC of 1.16
There have been numerous studies on perovskite solar cells (PSCs) and solid state dye sensitized solar cells focusing mainly on optimizing methods for film formation and compositional engineering to achieve high power conversion efficiency (PCE) or stability of perovskite solar cells (PSCs), culminating in a certified PCEs of 22.1%. [1] [2] [3] [4] [5] [6] [7] [8] Studies on electron-selective layers (ESLs) have also progressed improving device performance. For example, Sargent et al showed that cesium chloride (CsCl) modification of TiO2 nanoparticles results in a certified efficiency of 20.1% for a PSC with 0.049 cm 2 active area and enhanced long-term stability in planar perovskite solar cells by defect passivation of the interface between perovskite and the. [9] Another study of TiO2 modification with metal halides also showed stability and performance improvement of planar PSCs. [10] [11] [12] [13] [14] Nevertheless, today's most efficient devices employ still a mesoscopic TiO2 scaffold as electron selective layer (ESL) despite significant progress on planar PSCs. [2] , [9] , [15] [16] [17] Although the mesoporous TiO2 scaffold is considered to be beneficial for PSCs as an electron transport material, there are only few studies of the effect of its architecture and surface modification on the PSC performance. Indeed, mesoscopic perovskite solar cells so far used 30 nm sized TiO2 nanoparticles that constitute the mesoscopic scaffold acting as ESL lack any porosity their surface being composed of smooth facets with mainly (101) orientation.
By contrast there have been several encouraging reports about introducing mesopores in the TiO2 particles in the area of dye sensitized solar cells (DSSCs) where this resulted in improved device performance. [18] , [19] Another issue with TiO2 is that electron trapping by coordinatively unsaturated Ti (IV) ions is likely to at its interface with the perovskite, which hampers charge transport and enhances radiational charge carrier recombination as well as the appearance of a hysteresis in the J-V curves. [20] Theoretical calculations for TiO2 suggest that electrons prefer to localize just below the surface being trapped by oxygen vacancies and Ti (IV) ions. [21] , [22] One of the most effective methods to reduce the trap states in TiO2 is surface or bulk doping, which has been widely investigated for mesoporous TiO2 electrodes in dye-sensitized solar cells and more recently in PSCs. [23] [24] [25] Some dopants reduce the charge recombination and increase electron transport by passivating oxygen defects in the TiO2 lattice and reducing trap states below the conduction band (CB) of TiO2 in PSCs. Another effect of doping is the stabilization of power conversion efficiency and the suppression of hysteresis. [25] [26] [27] [28] [29] [30] Here, we test for the first time a 40 nm sized TiO2 particles being endowed with mesopores to augment the contact area with the perovskite from 60 m 2 /g for the conventional scaffold to over 200 m 2 /g. In addition we passivate electronically the surface of the mesoporous TiO2 nano-beads (mp-TiO2) by treatment with cesium halide (CsX, X = I or Br). We show that this ESL architecture leads to efficient PSCs by enhancement of the contact area and interface passivation between perovskite and mp-TiO2. We demonstrated that Cs doping induces shift of both oxygen (O) 1s and titanium (Ti) 2p peaks to lower energy, which implies decrease of oxygen vacancy operating as electron trap. As a result, PSCs based on Cs doped mp-TiO2 and quadruple-cation (Rb/Cs/FA/MA) perovskites exhibit increased electron transport and PCEs up to 21.4% with negligible hysteresis.
At first, we examine the effect of introducing nanopores in the TiO2 particles that constitute the ESL scaffold. Figure 1 compares scanning electron microscopy images (SEM) for the conventional films constituted by nonporous particles produced from a commercial paste, 30NR-D (Dyesol) and with the new HTX-100 material (Crystal). The particle size of the latter is larger than that of the standard and the particles are endowed with pores of a few nanometer diameter. These mesoporous beads exhibit a high BET value of 206.31 m 2 /g offering a larger contact area to the perovskite than the standard formulation. To investigate effect of surface porosity of TiO2 on device performance, we made PSCs with same thickness of TiO2 scaffold layer using non-porous (Figure 1a ) and the mesoporous beads (Figure 2b) , respectively. As shown in Figure S1 , the statics data of photovoltaic parameters shows and improved VOC and with CsI and CsBr, respectively. We also observed O 1s peak shifted to lower energy as shown in Figure 3b . The full range of XPS spectra and atomic percent ratio can be found in Figure S2 . We assumed that Cs more predominantly affected these lower energy shifts than halides because the amount of halide on mp-TiO2 is very minute compared to Cs. These peak shifts indicate electron transfer to neighbor oxygen vacancies and partial reduction of Ti 4+ to Ti 3+ within the TiO2 lattice. This can passivate the electronic defects or trap states that originate from oxygen vacancies resulting in improved charge transport properties.
[27], [31] [32] [33] To study the impact of Cs doping on the charge transport within the mp-TiO2, we prepared dye-sensitized solar cells (DSSCs) using Cs doped mp-TiO2 as electron transporting layer, as the charge extraction measurement method is well-established to determine the density of state distribution below the TiO2 conduction band. [34] In Figure 3c , we report the extracted charge curves from To further illustrate the effect of Cs doping on perovskite solar cells, first we conducted characterization of perovskite films on the control and CsX doped TiO2 films. Here, we used quadruple-perovskite (Rb/Cs/FA1-x/MAx) for PSCs developed in our previous study.
[ 15] In order to investigate the impact of the Cs doped mp-TiO2 on the morphology and crystal structure of the perovskite film, we collected scanning electron microscopy (SEM) images and X-ray diffraction (XRD) patterns from perovskite films prepared on mp-TiO2 substrates with and without CsX. In Figure 4a , the SEM images show all substrates form perovskite films with pinhole free surface and similar grain size. In Figure 4b , we show XRD data. All substrates exhibit the same pattern showing strong typical perovskite peak at 14.2°
corresponding to the (110) facet. Full width at half maximum (FWHM) of the (110) peak also shows almost no difference between doped and undoped TiO2. [35] Therefore, we conclude that CsX doping on mp-TiO2 does not influence the crystal growth or morphology of the perovskite films.
Steady-state and time-resolved PL spectroscopy were used to study the charge transfer kinetics between perovskite and different ESLs. The steady-state PL was quenched more strongly when the perovskite films was formed on CsX doped mp-TiO2 (see Figure 5a ). [36] PL decay curves of perovskite films on the control and CsX doped mp-TiO2 are shown in Figure 5b , the decay lifetime τ is shortened by doping CsI (79.30 ns) and CsBr (49.75 ns)
than Control (117.27 ns). The fitting parameters for PL decays are summarized in Table S1 .
These results indicate faster electron transfer and suppression of interfacial charge recombination at the CsX mp-TiO2/perovskite interface compared to pristine TiO2.
To explore the effect of CsX loading of the mesoporous TiO 2 beads on the photovoltaic performance of PSCs, we made devices with the architecture of FTO/cp-TiO 2 /mpTiO 2 /Perovskite/spiro-OMeTAD/Au. Figure S3 presents current density-voltage (J-V) curves for the Rb/Cs/FA0.85 MA0.15 perovskite devices with the pristine mp-TiO2 (Control), CsI doped mp-TiO2 (CsI) and CsBr doped mp-TiO2 (CsBr) (see Table S2 ). The improved open circuit voltage (VOC) and short circuit current (JSC) and fill factor (FF) were observed in the devices with Cs doped mp-TiO2 than undoped one. Hysteresis of devices tends to become smaller using CsBr (4.5%) and CsI (5.2%) compared to control (10.6%). The percentage of hysteresis is determined by 100× {PCE(reverse scan)-PCE(forward scan)}/PCE(reverse scan).
Statistics of device performance with Rb/Cs/FA01-xMAx perovskite on various substrates convince that PSCs are more efficient with CsBr than CsI (See Figure S4) . As the Cs doping passivated surface traps and reduced recombination in ESLs, the devices produced enhanced performance in PCEs.
To identify the best perovskite composition for CsBr doped mp-TiO 2 , we conducted compositional engineering as shown in Figure 6a . We tuned the ratio of To pinpoint the added benefit of the CsBr treatment on TiO2, we performed voltagedependent IMVS and IMPS measurements. [37] The results were fitted to the reduced model show in Figure S9 and an example of such fit is shown in Figure 7 . The IMVS characterization confirmed the added benefit of passivating the TiO2 surface by cesium by slowing down recombination. This reduced recombination rate directly relates to the increased open circuit voltage observed. We also observed a higher series resistance and a higher charge transfer resistance for the cells treated with CsBr at the same voltage, which resulted in an unchanged collection efficiency around the maximum power point as shown in Figure S10 , however, the result of collection efficiency also can be interpreted that CsBr dopeTiO2 help increasing voltage of devices because photocurrents of perovskite show almost same value in Figure S8 of the devices with and without CsBr treatment in TiO2.
In order to investigate its long-term shelf-life, we stored the devices with CsBr doped and control mp-TiO2 under dark and dry air condition for one month (720hours). We confirmed high stability of CsBr devices, the relative value of loss being less then control device after one month storage as shown in Figure S11 .
In conclusion, we examined the shape effect of TiO2 on device performance and Cs doping on the mesoscopic TiO2 as an ESL in PSCs by simple fabrication method same as normal mp- Figure S12 was generated using an AC solver (SPICE), which input parameters were provided by the fitting loop. The collection efficiency was calculated based on the transport and recombination resistance, excluding the charge transfer resistance. We note that this interpretation remains valid even if interfacial recombination were the leading loss pathway.
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